SUMMARY
INTRODUCTION
Male gamete production entails a series of developmentally regulated changes to germ cells. Early-stage male germ cells undergo self-renewal (Russell et al., 1990; Griswold, 2016; Nishimura & L'Hernault, 2017) . A subset of those cells is induced to differentiate into spermatogonia. Both the primordial stage cells and spermatogonia divide mitotically. Subsequently, spermatogonia enter meiosis to become primary, then secondary spermatocytes. The secondary spermatocytes finish meiosis, differentiate further as haploid spermatids, and eventually become spermatozoa.
There are two major developmental goals for sperm production: restructuring of gene expression to enable postnatal germ cell differentiation and compaction of the haploid genome into the sperm head. To accomplish the former, male germ cells express many specialized transcriptional, translational, and RNA-processing factors (Eddy, 2002; Iguchi et al., 2006; Lee et al., 2009; MacDonald & McMahon, 2010; Chalmel & Rolland, 2015; Zagore et al., 2015; Licatalosi, 2016; Zhu et al., 2016; MacDonald & Grozdanov, 2017) . Notably, male germ cells express mRNAs that differ in their 3 0 ends due to alternative polyadenylation (Wallace et al., 1999; Huber et al., 2005; McMahon et al., 2006; Liu et al., 2007; Li et al., 2016) . An important gene contributing to alternative polyadenylation in male germ cells is Cstf2t, which encodes the testis-and brain-expressed polyadenylation protein, sCstF-64. Cstf2t is a paralog of the ubiquitously expressed 64,000 M r subunit of the cleavage stimulation factor, CstF-64 (gene symbol Cstf2). sCstF-64 is expressed most abundantly in male germ cells and brain (Wallace et al., 1999 (Wallace et al., , 2004 Huber et al., 2005; McMahon et al., 2006; Monarez et al., 2007) , although it also functions in other cell types (Ruepp et al., 2011; Yao et al., 2013; . Targeted deletion of Cstf2t in mice leads to male infertility due to defects in post-meiotic germ cell development: smaller numbers of primary spermatocytes, round, and elongating spermatids, such that the resulting epididymal contents contained few motile sperm cells and were unable to fertilize mouse eggs in vitro Tardif et al., 2010; Hockert et al., 2011) . In part, these changes were due to altered polyadenylation and splicing of specific regulatory genes important for spermiogenesis (Li et al., 2012; Grozdanov et al., 2016) . To accomplish genome compaction, germ cells exchange the somatic cohort of histone proteins, first with testis-specific histones, second with transition proteins, and finally with protamines (Sassone-Corsi, 2002; Pradeepa & Rao, 2007; Bo skovi c & Torres-Padilla, 2013; Bao & Bedford, 2016; Barral et al., 2017; Hoghoughi et al., 2017; Wang et al., 2017) . These changes in chromatin packaging require precise deployment of the testisspecific histones and histone-like proteins such as protamines (collectively, 'histone-like genes') to make sperm cells that are competent for fertilization (Meistrich et al., 2003; Churikov et al., 2004; Govin et al., 2004; Pradeepa & Rao, 2007) . In previous studies, we noted that expression of intronless small genes (ISGs) was reduced in testes from Cstf2t À/À mice Li et al., 2012) . ISGs consist of small (the lowest 20% in length) protein-coding genes and include the histone-like genes in male germ cells. Further, histone mRNA processing involves Cstf2 (Kolev & Steitz, 2005; Ruepp et al., 2011; Yang et al., 2013; , suggesting that Cstf2t might also contribute to production of histone-like genes in testis.
In somatic cells, histones are regulated at the transcriptional and post-transcriptional levels. Specifically, replication-dependent histone mRNA transcription, translation, and stability are governed by formation of histone mRNA 3 0 ends that is recognized by specialized machinery, distinct from the cleavage, and polyadenylation machinery that acts on 3 0 ends of most other mRNAs (Dominski & Marzluff, 2007; Marzluff et al., 2008) . Nonetheless, there is overlap in the components of the machinery that forms 3 0 ends of most mRNAs and histone mRNAs. That overlap includes subunits of the cleavage and polyadenylation specificity factor (CPSF, Dominski et al., 2005; Kolev & Steitz, 2005; Sabath et al., 2013; Sullivan et al., 2009; Yang et al., 2013) and of the cleavage stimulation factor (CstF, Romeo et al., 2014; Sabath et al., 2013; Yang et al., 2013) . Such components regulate, for example, 3 0 end formation of histone mRNAs necessary for entry into S phase of the cell cycle . While much is known about histone gene regulation in somatic cells, less is known about the regulation of testis-specific histones and histone-like proteins (Rathke et al., 2014; Bao & Bedford, 2016; Gou et al., 2017; Kutchy et al., 2017) . Here, we show that loss of Cstf2t results in altered histone-like gene expression contributing to the infertile phenotype of male Cstf2t À/À mice. We observed reduced mRNAs encoding members of every histone gene group, particularly the testis-specific histones and protamines in Cstf2t À/À testes. Concurrently, we observed delayed accumulation of testis-specific histone proteins, including H1fnt (formerly H1t2 or Hanp1 Martianov et al., 2005; Tanaka et al., 2005) , and Hils1 (Yan et al., 2003; Mishra et al., 2015) . For some testis-specific histones, we cannot account for the changes by a direct effect of Cstf2t on altered cleavage and polyadenylation, and must be due to indirect effects. These results point to an important role for Cstf2t in control of gene expression during spermiogenesis.
MATERIALS AND METHODS
Animal use and generation of Cstf2t tm1Ccma mice
All animal treatments and tissues obtained in the study were performed according to protocols approved by the Institutional Animal Care and Use Committee at the Texas Tech University Health Sciences Center in accordance with the National Institutes of Health animal welfare guidelines. TTUHSC's vivarium is AAALAC-certified and has a 14/10-h light/dark cycle with temperature and relative humidity of 20-22°C and 40-70%, respectively.
Deletion of the entire Cstf2t coding region from chromosome 19, breeding, and genotyping was described previously . Briefly, the knockout targeting vector was created using the Cstf2t coding region from chromosome 19 with pGKNeo, electroporated into 129SvEv ES cells, and G418-resistant colonies in which Neo had replaced Cstf2t were identified by PCR. These cells were microinjected into C57BL/6 embryos and reimplanted into pseudopregnant females. Germ-line transmission was confirmed by PCR analysis of F1 animals. Cstf2t tm1Ccma mice used in these studies were therefore of mixed C57BL/ 6-129SvEv background. Mutants were maintained as a congenic strain by repeated backcrossing (every 4-5 generations) to C57BL/6NCrl (Charles River) and otherwise breeding exclusively within the colony. At the time of this study, mice were bred to approximately 50 generations, with at least ten backcrosses to C57BL/6NCrl.
Genotyping of Cstf2t tm1Ccma mice by PCR
Genomic DNA was extracted from tail snips of Cstf2t tm1Ccma mice by proteinase K digestion followed by isopropanol precipitation. PCRs were performed using wild-type-and Cstf2t tm1Ccma -specific primers to determine the presence of the transgene . Where indicated, absence of sCstF-64 protein in Cstf2t tm1Ccma/tm1Ccma (herein, Cstf2t À/À ) mice was confirmed by Western blot using the sCstF-64-specific antibody, 6A9 (Wallace et al., 1999; Dass et al., 2007) .
Isolation of seminiferous tubules
Seminiferous tubules were isolated as follows: a small incision was made in the tunica albuginea of the testis, and the contents (mainly seminiferous tubules) were gently collected in~5 mL of ice-cold Dulbecco's phosphate-buffered saline (DPBS, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with phenylmethanesulfonyl fluoride (PMSF). The contents were vigorously shaken, breaking apart the tissue. Tissue parts were allowed to settle for 5 min on ice, and the supernatant (containing mainly Leydig cells) was removed. The procedure was repeated two more times for a total of three times. After the final settlement, the tissue was spun briefly in a microcentrifuge at 500 g. The obtained seminiferous tubules were used to isolate either total RNA or protein.
Protein isolation and immunoblots
Seminiferous tubules from one animal were lysed in either 250 lL extraction buffer [DPBS, 0.5% Triton X-100 (v/v), 2 mM10 min. Equal amounts of protein from wild-type and Cstf2t À/À animals were loaded on pre-cast NuPAGE Novex 4-12% Bis-Tris Gels (Thermo Fisher Scientific), followed by a semi-dry transfer to polyvinylidene fluoride membranes. Membranes were incubated with primary antibody, followed by the appropriate secondary antibody conjugated to horseradish peroxidase. Antibody-antigen interaction was revealed using SuperSignal West Pico Chemiluminescence kit (Thermo Fisher Scientific).
The H1fnt antibody (a gift from Igor Martianov) was used as described for Western blots (Martianov et al., 2005) . For immunofluorescence, we used an antibody against H1fnt from Santa Cruz Biotechnology (L-14, sc-136700) (Dallas, TX, USA). The antibody against Hils1 was used as described (Yan et al., 2003) . Goat antiprotamine 2 antibody was purchased from Santa Cruz Biotechnology (C-14, sc-23104) and used according to manufacturer's recommendations. The antibodies against H2B (#8135) and H4 histones (#2592) were obtained from Cell Signaling Technology (Danvers, MA, USA) and used according to the recommendations. Mouse anti-CstF-64 (3A7), mouse anti-CstF-64 (6A9), and E7 anti-b-tubulin monoclonal antibody were used as described .
Immunofluorescence
Testes for wild-type and Cstf2t À/À mice were collected from age-matched animals and incubated in 10% formalin solution overnight. Tissues were paraffin-embedded, and five-lm sections were obtained. Tissue sections were then deparaffinized, and the antigen was retrieved using heat and citrate buffer.
Immunostaining was performed as previously described (Grozdanov et al., 2006) . Briefly, tissue sections were blocked in 5% donkey serum, 1% BSA, 0.1M Tris-HCl pH 7.4, 015 M NaCl, 0.1% Tween-20 for one hour at room temperature. Primary antiH1fnt antibody (Santa Cruz Biotechnology) was pre-incubated in 2% donkey serum, 1% BSA, 0.1M Tris-HCl pH 7.4, 015 M NaCl, 0.1% Tween-20 for 30 min on ice and applied on the tissue for one hour at room temperature. Tissue sections were washed three times in 0.1M Tris-HCl pH 7.4, 015 M NaCl for 10 min each, and secondary anti-rabbit Cy3-conjugated antibody was applied in 2% mouse serum, 1% BSA, 0.1M Tris-HCl pH 7.4, 015 M NaCl, 0.1% Tween-20 for one hour at room temperature. Sections were washed again in 0.1 M Tris-HCl pH 7.4, 015 M NaCl for 10 min each and mounted in ProLong Diamond Antifade Mountant with DAPI (Thermo Fisher Scientific). Microscopy was performed on inverted Nikon Ti microscope using a confocal A1 module. Images were adjusted for clarity in IMAGEJ software (Schneider et al., 2012) .
RNA isolation, RNA-Seq, and A-seq RNA-Seq Grozdanov et al., 2016) and A-seq were carried out essentially as described previously (Martin et al., 2012; Grozdanov et al., 2016) . The resulting cDNA libraries were sequenced on Illumina platform with 50-nucleotide coverage (SE50). The obtained reads were strand-specific and coincided with the sense strand of the mRNAs.
HITS-CLIP library preparation
Cross-linking and immunoprecipitation combined with highthroughput sequencing (HITS-CLIP) were performed exactly as previously described ) using sCstF-64-specific 6A9 monoclonal antibody.
UCSC genome browser tracks for RNA-Seq data
To visualize the mapping of RNA-Seq data from testes for wild-type and Cstf2t À/À mice, the UCSC Genome Browser tracks were generated as follows. The raw RNA-Seq reads were aligned to the mouse (mm9) genome using STAR (version 2.3.1t) (Dobin et al., 2013) with default settings. Only uniquely mapped reads were retained to compute the coverage of the genes in the genome. The reads coverage was calculated using the tool genomeCoverageBed in BEDTools (Quinlan & Hall, 2010) . The generated wiggle files were transformed to BigWig files using the wigToBigWig utility (Kent et al., 2010) . The BigWig files of reads coverage for wild-type and Cstf2t À/À mice in mouse genome were visualized in UCSC Genome Browser (Kent et al., 2002) .
UCSC genome browser tracks for HITS-CLIP-Seq data
To visualize the mapping of HITS-CLIP-Seq data from testes for wild-type and Cstf2t À/À mice, the UCSC Genome Browser tracks were generated as follows. The raw HITS-CLIP-Seq reads were aligned to the mouse (mm9) genome using GSNAP (Wu & Nacu, 2010) with default settings. Only uniquely mapped reads were retained to compute the coverage of the genes in the genome. The reads coverage was calculated using the tool genomeCoverageBed in BEDTools (Quinlan & Hall, 2010) . The generated wiggle files were transformed to BigWig files using the wigToBigWig utility (Kent et al., 2010) . The BigWig files of reads coverage for wild-type and Cstf2t À/À mice in mouse genome were visualized in UCSC Genome Browser (Kent et al., 2002) .
Differential histone gene expression and A-seq data processing RNA-Seq reads obtained from each biological replicate were independently aligned on the mouse reference genome (Mouse Genome v37.2, MGSCv37, mm9) using the SEQMAN NGEN v.10 software (DNAS-TAR Inc., Madison, WI, USA). The assembly files generated by SeqMan NGen were used to identify the differentially expressed histone genes using the QSeq part of ARRAYSTAR package (DNASTAR Inc.) as previously described .
A-seq data were aligned on the mouse reference genome (Mouse Genome v37.2, MGSCv37, mm9) using the SEQMAN NGEN v.10 software (DNASTAR Inc.). The A-seq reads aligning with the 3 0 ends of H1fnt and Hils1 were manually counted, and the bar graph was built using the MICROSOFT EXCEL software (Microsoft Inc., Redmond, WA, USA).
Reverse transcription and TaqMan PCR
Complementary DNA for TaqMan quantitative RT-PCR (qRT-PCR) was prepared from about 80 ng of total RNA using SuperScript VILO MasterMix (Thermo Fisher Scientific) to verify gene expression levels. A pre-dispensed panel of 16 TaqMan probes and primers (see Fig. 2 ) was used to determine the expression of the genes in testis tissues at the indicated genotypes and ages. qRT-PCR was performed using TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific) on QuantStudio TM 12K Flex RealTime PCR System. The relative expression in the total RNA was calculated using the comparative C t method using 18S rRNA as a reference for the gene expression. Gene expression of RNA isolated from testis obtained from wild-type animals at age of 25 dpp was normalized to one (Livak & Schmittgen, 2001 ). The average of three biological replicates was used at each age (25, 28, 31, 35, and 77 dpp) and wild-type and Cstf2t À/À genotype to generate a heat map of the resulting values using the R software package (R Foundation for Statistical Computing, Vienna, Austria). The polyadenylation signature of the selected replicationdependent histone genes and the testis-specific genes was determined by the following: Polyadenylated and non-polyadenylated RNA were isolated using Dynabeads mRNA DIRECT Purification Kit, and 80 ng of the corresponding RNA was used to generate cDNA using SuperScript VILO MasterMix. C t values of different ages and both genotypes for a particular gene were combined to obtain a box and whiskers plot. Smaller C t values represent more abundant mRNA and a value close to 40 indicates mRNA that is expressed at very low levels.
RESULTS
Testis-specific histones are downregulated in Cstf2t À/À mouse testes Previously, we performed high-throughput sequencing of cDNAs (RNA-Seq) and noted a preponderance of intronless small genes (ISGs) that were downregulated in seminiferous tubules from 25 days postpartum (dpp) Cstf2t À/À mice (Li et al., 2012) .
Prominent among those ISGs were histone and histone-like genes. The composition of testicular cell types does not differ between wild-type and Cstf2t À/À mice at 25 dpp Hockert et al., 2011) , so the RNA-Seq differences reflected actual mRNA abundances in germ cells at these stages. Because we have also noted roles for CstF-64 in histone mRNA processing (Youngblood et al., 2014), we decided to examine the effects of sCstF-64 on histone and histone-like genes in male germ cells.
In further analyses of RNA-Seq from seminiferous tubules of 25 dpp wild-type or Cstf2t À/À mice , we examined histone and histone-like gene mRNAs. We saw that almost half of these genes (47/99) were downregulated in Cstf2t À/À tubules, representing all major histone gene families (Fig. 1A) . Messenger RNAs for testis-specific histone-like genes (H1fnt, Hils1, H2afb1, 1700012L04Rik, and Gm13646) were downregulated, suggesting reproductive specificity of the effect even at 25 dpp, when the testis-specific histone-like proteins are not yet expressed detectably (see below).
To verify these results, we performed real-time RT-PCR quantification (qRT-PCR) of the total mRNAs for eleven testis-specific histone-like genes, Cstf2t, and several control genes (Gapdh, Gusb, Hprt, and 18S rRNA) at 25, 28, 31, 35, and 77 dpp on wildtype and Cstf2t À/À tubules. Analysis of these results indicated that expression of the majority of testis-specific histone-like genes clustered into two groups: H2afb1 with H1fnt (Fig. 1B , Cluster 1), and Gm14483, Hils1, and 1700024P0Rik (Cluster 2). The testis-specific Hist1h1t clustered with the remaining nontestis-specific histone genes and the reference genes (Gapdh, Hprt, Gusb, and 18s rRNA, Cluster 3). These results suggest that the testis-specific histone-like genes have similar physiological roles during spermatogenesis.
Most testis-specific histone mRNAs are polyadenylated in seminiferous tubules Replication-dependent histones in somatic cells and premeiotic germ cells are generally not polyadenylated, but instead have a unique 3 0 end stem-loop that governs their synthesis and metabolism during the cell cycle (Marzluff et al., 2008) . However, some of those mRNAs receive poly(A) tails by the cleavage and polyadenylation mechanism (Shepard et al., 2011; Kari et al., 2013; . Replication-independent and most testis-expressed histone-like genes are also not polyadenylated (Sun & Qi, 2014) . We examined the polyadenylation states of histone and histone-like gene mRNAs in wild-type and Cstf2t À/À seminiferous tubules using TaqMan quantitative RT-PCR, comparing total, polyadenylated, and non-polyadenylated transcripts (Fig. 2) . Examination of threshold cycle (C t ) values for 18S ribosomal RNA (rRNA) revealed that the majority of 18S rRNA was non-polyadenylated in testes from mice of all ages and genotypes tested (poly(A) À C t = 10.26, Fig. 2O ). This result is consistent with the lack of polyadenylation of rRNAs. In contrast, the majority of Gapdh and Hprt1 mRNAs were polyadenylated (poly(A) + C t = 25.17 and 29.35, respectively, Fig. 2H,I ). The replication-dependent histone mRNAs (Hist1h2ba, Hist1h1e, Hist1h3c, and Hist1h1t) were most abundant in the poly(A) À samples, showing the poly(A) À signature (Fig. 2K,L,N) . However, testis-expressed histone mRNAs (H1fnt, Hils1, H2afb, Gm14483, and 1700024P0Rik) were most abundant in the poly(A) + samples ( Fig. 2A-E ,G,J), indicating that they were polyadenylated. As an outlier, the testis-expressed histone Hist1h1t is not polyadenylated (Fig. 2M ). However, this gene, though testis-expressed (Nayernia et al., 2003) , is part of the histone H1 cluster and is expressed in other cell types, as well (Sun & Qi, 2014) . Overall, these observations support the conclusions that this family of testis-specific histone-like genes is polyadenylated in seminiferous tubules, and thus susceptible to regulation by sCstF-64. They also suggest that testis-specific histone-like genes have a function uncoupled from the cell cycle and in this way, differ from the cell cycle-dependent histone genes.
Accumulation of the testis-specific histone H1fnt is delayed in Cstf2t À/À mice Antibodies are often unable to distinguish individual histone protein variants, so we could not recognize all histones or histonelike protein variants in these experiments. However, where we could, we examined expression of ubiquitous and testis-specific histones at 25, 28, 31, 35, 38, and 77 dpp (Fig. 3) . Ubiquitously expressed histones H2B and H4 do not vary greatly between wildtype and Cstf2t À/À tubules at any age, consistent with the results obtained by TaqMan qRT-PCR. However, we saw a reduction in the expression of the H1fnt protein in Cstf2t À/À tubules compared to wild-type at 28-35 dpp (Fig. 3B) . At 77 dpp, we saw an increase in H1fnt protein in Cstf2t À/À tubules, which might reflect the increased representation of earlier cell types expressing H1fnt in older mice (Hockert et al., 2011) . We saw a similar, but less pronounced reduction in Hils1 protein at the same times. This developmental delay in testis-specific histone protein expression echoes the reduced mRNA amounts for H1fnt, suggesting that sCstF-64 is important for its correct mRNA production of the gene. The same might be true for Hils1, although reduced Hils1 protein amounts are not as reflective of the greatly reduced mRNA (Fig. 1A) . This supports the conclusion that the changes in H1fnt and Hils1 protein levels are associated with sCstF-64 in germ cells.
H1fnt does not localize differently in testes of Cstf2t À/À mice
To determine whether the decreased abundance of H1fnt was associated with altered localization within germ cells, we examined immunofluorescence using an anti-H1fnt antibody (see Materials and Methods) in 31 and 35 dpp (ages chosen because of the start of protein synthesis in testis of the data in Fig. 3 ) testis samples (Fig. 4) . Despite the overall lower amounts of H1fnt protein in Cstf2t À/À testes at these developmental times, we did not observe an abnormal distribution of H1fnt in spermatogenic cells. This suggests that mechanisms driving H1fnt localization and DNA deposition are not altered in Cstf2t À/À mice, only its abundance.
Cleavage and polyadenylation sites in H1fnt and Hils1 genes are not affected in Cstf2t À/À mice, only the abundance of the mRNAs sCstF-64 regulates polyadenylation site choice (McMahon et al., 2006; Liu et al., 2007; Grozdanov et al., 2016; Hwang et al., 2016; Kargapolova et al., 2017) , so we wanted to determine the extent to which loss of Cstf2t affected polyadenylation site choice in these genes. We examined sites of cleavage/polyadenylation in H1fnt and Hils1 using high-throughput sequencing (A-seq, Martin et al., 2012) ). In examining closely spaced sites of poly(A) addition in H1fnt, we did not note changes in localization of any of the five major sites in tubules from Cstf2t À/À mice (Fig. 5A,B) , only reduced expression of the mRNA. Hils1 mRNA showed a similar lack of change in the use of cleavage/polyadenylation sites (Fig. 5C,D) and reduction in number of reads in the 25 dpp Cstf2t À/À mice. We cannot differentiate whether the reductions reflect either direct effects of sCstF-64 on polyadenylation site choice for these genes or the overall reduction in RNA-Seq reads at the loci.
sCstF-64 binds downstream of the mouse H1fnt gene, but is not likely to be directly involved in its polyadenylation Although we did not observe alteration in the use of the cleavage and polyadenylation sites in either H1fnt or Hils1, we tested Figure 1 The majority of histone and testis-specific histone mRNAs are downregulated in seminiferous tubules of Cstf2t À/À mice. (A) RNA-Seq analyses of histone and testis-specific histone genes in seminiferous tubules isolated from wild-type and Cstf2t À/À mice. The bars representing testis-specific histones are indicated in green. Asterisks indicate genes whose expression is significantly different between the groups (p < 0.01 whether there might be direct effects of sCstF-64 on expression of either gene. Such effects might be direct (co-transcriptional binding of sCstF-64 to the H1fnt mRNA) or indirect (a consequence of effects of sCstF-64 on other genes that impact H1fnt expression). We performed high-throughput sequencing of RNA isolated by cross-linking immunoprecipitation (HITS-CLIP Licatalosi et al., 2008) using an antibody to sCstF-64 Grozdanov et al., 2016) . Examination of HITS-CLIP for sCstF-64 in the region downstream of the H1fnt open reading frame showed one sCstF-64 CLIP site approximately~1.5 kb downstream of the sites of poly(A) addition (Fig. 5A ). Because this site is relatively distant from the body of the gene, we do not believe it is participating in H1fnt polyadenylation in a meaningful way. There were not any sCstF-64 CLIP sites associated with Hils1 mRNA within 2 kb downstream of the gene (Fig. 5C ). Therefore, it is unlikely that sCstF-64 binding in either H1fnt or Hils1 has a direct effect on their polyadenylation. Reductions in both H1fnt and Hils1 mRNAs must therefore occur at another level, possibly sCstF-64-dependent global changes in gene expression (Li et al., 2012) . Examination of the other testis-specific histone mRNAs did not reveal sCstF-64 CLIP sites within 1.5 kb of their 3 0 ends, suggesting they follow the same patterns as H1fnt and Hils1.
DISCUSSION
One of the several mechanisms by which Cstf2t À/À male mice were known to be infertile was due to decreased expression of intronless small genes including the histone-like genes (Li et al., 2012) . This is in contrast to other mechanisms by which alternatively spliced genes are preferentially expressed in male germ cells (Naro et al., 2017) . Here, we examined expression of these small intronless histone-like genes more closely and tested possible mechanisms for the role of sCstF-64 in their expression. We saw that one-half of the histone mRNAs were reduced in seminiferous tubules of Cstf2t À/À mice at early stages (25 dpp) before cell type differences were evident between the genotypes. We previously reported that Tnp1, Tnp2, and protamine mRNAs were reduced in Cstf2t À/À testes . Similarly, all five testis-specific histone mRNAs surveyed were reduced (Fig. 1) , suggesting roles for sCstF-64 in expression of this class of histone-like genes in male germ cells. The majority of testis-specific histone mRNAs are polyadenylated (Fig. 2) , Figure 2 Testis-expressed histone-like gene mRNAs are generally polyadenylated. Complementary DNA was prepared from seminiferous tubules of wildtype C57BL/6NCrl mice from either total RNA, poly(A) + , or poly(A) À RNA as indicated. Shown are threshold cycle (C t ) values for the indicated genes H2afb1 suggesting that polyadenylation misregulation could have a preferential effect on those. Corresponding to the reduced histonelike gene mRNAs in Cstf2t À/À mice, we found that expression of the H1fnt and Hils1 proteins was delayed in the Cstf2t À/À tubules (Fig. 3) . We attempted to account for these changes in H1fnt protein levels, by noting reduced overall polyadenylation in the H1fnt gene. However, these changes in polyadenylation did not correlate strongly with sites of sCstF-64 binding in the nascent mRNA (Fig. 5A,B) . Similarly, Hils1 did not show altered polyadenylation, only reduction (Fig. 5C ). Thus, we cannot support a direct role for sCstF-64 in control of histone-like gene expression through promoting correct cleavage/polyadenylation site choice for these genes (McMahon et al., 2006) . H1fnt is a replication-independent variant of the linker histone H1 that is expressed in round and elongating spermatids in mice, where it is localized in the nucleus at the apical pole (Martianov et al., 2005) , ultimately affecting sperm motility (Tanaka et al., 2005) . Thus, H1fnt contributes to correct chromosomal condensation and maintenance of intact DNA in step 12 and 13 spermatids. H1fnt is also necessary for nuclear localization of other chromatin components (Catena et al., 2006 (Catena et al., , 2009 Lambrot et al., 2012) . In Cstf2t À/À mice, we observed defects in chromosomal condensation, although such errors initiated earlier in secondary spermatocytes . This suggests that delayed expression of H1fnt probably contributes to the infertility in the Cstf2t À/À male mice, but that other errors must contribute as well. Notably, H1fnt contributes to protamine deposition (Tanaka et al., 2005) , errors in expression of which we previously observed in Cstf2t À/À mice . We saw smaller magnitude changes in expression of Hils1 protein in tubules of Cstf2t À/À mice (Fig. 3) . Hils1 is a testisexpressed histone H1 variant (Yan et al., 2003) that is heavily modified post-translationally (Mishra et al., 2015) . Hils1 expression begins later in spermiogenesis than H1fnt, although both are expressed in elongating spermatids (Yan et al., 2003) . Interestingly, Hils1 may act as both a linker and a DNA compaction histone, contributing to the high condensation of DNA in sperm heads (Yan et al., 2003) , suggesting that small changes in Hils1 expression might lead to cascading effects on male germ cell development in Cstf2t À/À mice.
Reduction in CSTF2 (Takagaki & Manley, 1998; Ruepp et al., 2011; Yao et al., 2013; or CSTF2T (Hwang et al., 2016; Kargapolova et al., 2017) in human, mouse, or avian cell lines did not overtly impair cell viability, although expression of individual mRNAs varied greatly. Similarly, Cstf2t À/À mice are viable and mostly normal in the absence of sCstF-64, despite infertility in males Tardif et al., 2010; Hockert et al., 2011) and enhanced spatial memory in females (Harris et al., 2016) . This suggests that sCstF-64 function is important in specific tissues, but not essential for general cellular processes. Similarly, mouse embryonic stem cells lacking Cstf2 were able to differentiate into neuronal but not endodermal cell lineages ; in these cells, sCstF-64 subsumed many but not all functions of CstF-64 (Shankarling et al., 2009) . The distribution of functions between CstF-64 and sCstF-64 seems reasonable, because sCstF-64 is present only in eutherian mammals (Dass et al., 2001 (Dass et al., , 2002 , and thus would be expected to take on ancillary but not ancient functions. CstF-64 is also involved in replication-dependent histone mRNA 3 0 end processing (Kolev & Steitz, 2005) . We noted in a previous study that CstF-64 supports stem cell pluripotency by licensing entry into cellular S-phase . In Cstf2-null embryonic stem cells, loss of CstF-64 is partially but not completely compensated by increased expression of sCstF-64. In particular, sCstF-64 participates in the histone mRNA 3 0 end processing complex in the absence of CstF-64. This suggests a model in germ cells whereby sCstF-64 participates in 3 0 end processing of both somatic histone genes and testis-specific ones in meiotic and post-meiotic germ cells where CstF-64 is absent. It also suggests that the cohort of testis-specific histone mRNAs are processed differently than in somatic cells as an adaptation to the absence of CstF-64.
In support of this hypothesis, Kargapolova et al., (2017) published a study in which they noted binding of sCstF-64 (via a modified CLIP protocol) to both replication-dependent and replication-independent histone mRNA precursors in a human neuroblastoma cell line. In agreement with our data on H1fnt (Fig. 5A) , those authors noted clustering of sCstF-64 binding at locations 3 0 of the polyadenylation sites in replication-independent histone genes, of which H1fnt is a member. Neither Kargapolova et al. nor we saw sCstF-64 clustering in Hils1 (Fig. 5C ). Interestingly, Kargapolova et al. observed sCstF-64 binding within the 5 0 ends of replication-dependent histone genes. Previously, we noted decreased participation of sCstF-64 in the histone 3 0 end processing complex when CstF-64 was abundant; sCstF-64 was only recruited to that complex when CstF-64 was absent . Thus, we propose that CstF-64 probably plays a primary role in 3 0 end processing of replication-dependent histone genes, acting as an important component of the histone mRNA 3 0 processing complex (Kolev & Steitz, 2005; Ruepp et al., 2011; Yang et al., 2013; . In contrast, sCstF-64 plays only a secondary or passive role in processing of replicationdependent histone genes. Instead, it plays a more important role in 3 0 end cleavage and polyadenylation in the replication-independent histone genes. This is most important in spermiogenesis, where replication-independent histones and histone-like genes are essential to the correct developmental program. Loss of Cstf2t in mice results in infertility for many reasons including large-scale changes in gene expression, genomic misregulation, altered splicing, and altered polyadenylation Tardif et al., 2010; Hockert et al., 2011; Li et al., 2012; Grozdanov et al., 2016) . Alterations in expression of histone-like genes in Cstf2t À/À mouse germ cells could account for altered chromosomal structures and derepression of intergenic chromosomal expression (Li et al., 2012) . Future work will examine consequences of altered histone-like proteins in structural remodeling of chromatin in wild-type and Cstf2t À/À mouse testes. Figure 5 RNA-Seq, polyadenylation sites, and sCstF-64-binding sites in the mouse H1fnt and Hils1 genes. Shown are high-throughput RNA-Seq tracks for two wild-type and two Cstf2t À/À mouse seminiferous tubules for (A) H1fnt and (C) Hils1. HITS-CLIP sites were determined using an antibody against sCstF-64 to perform immunoprecipitation of the protein-RNA complex in seminiferous tubules from wild-type mice (sCstF-64 CLIP). Cleavage and polyadenylation sites were determined using A-seq for (B) H1fnt and (D) Hils1. Capital letters represent the annotated 3 0 ends of each gene; lower-case letters represent downstream sequences.
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